AD-A277  836 


ATIOM  PAGE 


Form  Approverl 
0MB  No  0704-0188 


i\r  r  r  r* 

jr-o  Jijj  ;4»»  •C»*' /.  0 


-er  '►■■.IPW  r'-  ''Sir:, 

''ts  r-»'i.)'c2tr-5  ■•■ts  Dui'le'^ 
c'ca:.* ‘cr  r'*  c;n  'pp'i 


.r 

ic^s  anj  ’s. 


p;'.  1 3S1.  .V'isn  r  jt-:  r»  'C 


]  ’.  AGcMCV  liSc  ONL/  li-jive  piar.Kj 


-vtPUrt.  DATE 

March  25,  1994 


3.  iE.'CRT  TYPE  AND  OATES  COVERED 

Reprint 


4.  TITLE  AND  SUBTITLE 

Evidence  for  Extended  Neutron  and  Gamma-Ray 
Generation  During  Two  Solar  Flares 

!  o.  AUTHCR(S) 

j  G.E.  Kocharov*,  L.G.  Kocharov**,  G.A.  Kovaltsov*, 
j  M.A.  Shea,  D.F.  Smart,  T.P.  Armstrong#,  K.R.  Pyle#y/, 
i  E,I,  Chuikin* _ 


5.  FUNDING  NUMBERS 

PE  61102F 
PR  2311 
TA  G4 
WU  02 


7.  ’ERFCRMING  ORGANIZATION  NAMEiSi  AND  ACQa*SS(S^ 

I  Phillips  Lab/GPSG 
I  29  Randolph  Road 
i  Hanscom  AFB,  MA  01731-3010  '  a 

fcPR0  5l99A 


3.  EPC  'iSORING  NICNITCRING  AGE.'IC'.'  ■Ja.'.IE.'S'-  A nT 


E 


13.  =ERFC.RiV1ING  CRGANIZA'XM 
I  RE.^ORT  NUMBER 


PL-TR-94-2072 


; -.A 'l;  I .'AR  '  NO  e;  *A.F7lof'fe  Pfiysfco-TecKnical  Institute, 'St'".Petersb’urg,  194021 , Russia 
**St  Petersburg  State  Technical  University,  St . Petersburg ,  195251,  Russia  //University 
of  Kansas,  Lawrence,  Kansas, 66045  ////Enrico  Fermi  Inst,  Univ.  of  Chicago ,ChicagoIL  60637 
Reprint  from  23rd  International  Cosmic  Ray  Conference,  Conference  Papers,  3,  107-110, 


A7.A.L.A.|;L,:' 


Approved  for  public  release;  Distribution  unlimited 


High  energy  solar  gamma-rays  and  neutrons  were  observed  by  soacecraft  ex¬ 
periments  during  tfie  major  solar  flares  on  24.  May  1990  and  15  June  1991. 
Both  these  flares  were  also  associated  with  relativistic  solar  protons  measured 
by  ground-based  neutron  monitors.  The  integrated  analysis  of  intensity-time 
profiles  of  different  radiations  and  particies  during  these  events  gives  evidence 
for  extended  neutron  and  gamma-ray  generation  during  these  solar  flares. 


L'ial  u „ i  i  1  i I..;,':. U'i'rlD  3 


14.  SUBJECT  TERMS 

Solar  neutrons.  Solar  protons.  Solar  flares.  Cosmic  rays, 
Neutron  monitors 


17.  SECURITY  CLASSIFICATION 
OF  REPORT 

UNCLASSIFIED 


18.  SECURITY  CLASSIFICATION 
OF  THIS  PAGE 

UNCLASSIFIED 


19.  SECURITY  CLASSIFICATION 
OF  ABSTRACT 

UNCLASSIFIED 


15.  NUMBER  OF  PAGES 

4 


16.  PRICE  CODE 


20.  LIMITATION  OF  ABSTRACT 
SAR 


NSN  7540-01-280-5500 


Standard  Form  298  (Rev  2-89) 

PreKribeo  by  ansi  Sta  r)9  '3 
29«-102 


PL-TR-9A-2072 


Reprint  from  23rd  International  Cosmic  Ray  Conference,  Conference  Papers,  3,  107-110,  1993 


Evidence  for  Extended  Neutron  and  Gamma-Ray 
Generation  During  Two  Soiar  Flares 

G.E.  Kocharov’,  LG.  Kocharov^,  G.A.  Kovaltsov^  M.A.  Shea^,  D.F.  Smarr^, 
T.P.  Armstrong^,  K.R.  Pyte®,  and  E.l.  Chuikin^ 


’  A.F.  Ioffe  Physico-Technical  Institute.  St.  Petersburg,  194021,  Russia 
^  St.  Petersburg  State  Technical  University,  St.  Petersburg,  195251,  Russia 
^  Geophysics  Directorate/PL,  Hanscom  AFB,  Bedford,  MA  01731-3010,  U.S.A. 
*  University  of  Kansas,  Lawrence.  Kansas,  66045,  U.S.A. 

^  Enrico  Fermi  Institute.  University  of  Chicago,  Chicago,  IL  60637,  U.S.A. 


ABSTRACT 

High  energy  soiar  gamma-rays  and  neutrons  were  observed  by  spacecraft  ex¬ 
periments  during  the  major  soiar  flares  on  24  May  1990  and  15  June  1991. 
Both  these  flares  were  aiso  associated  with  relativistic  soiar  protons  measured 
by  ground-based  neutron  monitors.  The  integrated  analysis  of  intensity-time 
profiles  of  different  radiations  and  particles  during  these  events  gives  evidence 
for  extended  neutron  and  gamma-ray  generation  during  these  soiar  flares. 

1.  INTRODUCTION 

The  identification  of  a  solar  gamma-ray  burst  associated  with  the  detec¬ 
tion  of  high  energy  soiar  neutrons  by  ground-based  neutron  monitors  (Chupp  et 
ai.,1987)  renewed  interest  in  high  energy  soiar  pardcie  acceleration.  In  the  past 
few  years  several  detectors  capable  of  high  energy  gamma-ray  observations 
have  been  launched  on  a  variety  of  spacecraft  such  as  GAMMA-1,  GRANAT, 
and  GRO.  Utilizing  both  ground-based  and  spacecraft  data  acquired  during  two 
solar  flares,  we  give  evidence  for  extended  neutron  and  gamma-ray  generation  at 
the  sun. 

2.  SOLAR  NEUTRON  EVENT  OF  24  MAY  1990 

2. 1  Cosmic  Ray  Measurements 

Using  data  from  several  North  American  neutron  monitors.  Shea  et  al. 
11991)  identified  the  first  increase  recorded  by  the  Climax,  Mexico  City  and  Cal¬ 
gary  monitors  during  the  24  May  1 990  relativistic  solar  proton  event  as  a  soiar 
neutron  event  (see  Rgure  1 ).  This  conclusion  was  based  on  the  fact  that  the  in¬ 
crease  in  the  cosmic  ray  intensity  was  ordered  by  the  apparent  air  mass  along  a 
line  of  sight  through  the  atmosphere  towards  the  sun  and  was  not  ordered  by 
the  geomagnetic  cutoff  rigidity.  Shortly  after  the  initial  increase  was  recorded  by 
the  above  stations,  these  same  stations  recorded  another  increase  in  cosmic  ray 
intensity  which  was  attributed  to  the  arrival  of  relativistic  soiar  protons.  The  in¬ 
crease  attributed  to  the  protons  was  ordered  in  the  expected  manner  by  the  ge¬ 
omagnetic  cutoff  rigidity  and  the  anisotropy  along  the  probable  interplanetary 
magnetic  field  direction  (Pyle  at  al.,  1991;  Shea  et  ai.,  1991). 

The  onset  of  solar  neutrons  as  measured  by  the  Climax,  Colorado  neu¬ 
tron  monitor  was  in  the  one  minute  interval  2049-2050  UT.  Solar  neutrons  re¬ 
quire  a  minimum  of  approximateiy  300  MeV  to  generate  a  nuclear  cascade  capa¬ 
ble  of  being  detected  above  the  ambient  cosmic  ray  background  recorded  by  a 
neutron  monitor  at  mountain  altitudes.  Since  the  solar  proton  event  contained 
protons  in  excess  of  7  GV  (6. 1 2  GeV)  it  is  reasonable  to  assume  that  solar  neu¬ 
trons  of  GeV  energies  were  generated  during  this  soiar  flare. 

2.2  Solar  Emissions 
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Tha  1  B/X9.3  solar  flare  associated  with  this  relativistic  particle  event  had 
an  H-alpha  onset  at  2046  UT  and  maximum  at  2049  UT.  The  onset  of  the  1  -8 
A  soft  X-ray  flux  observed  by  the  GOES-7  spacecraft  was  at  2045.9  UT  with  a 
2049.5  UT  maximum.  Rgura  2  shows  the  10.6-109.5  MeV  gamma-ray  flux  ob¬ 
served  on  the  GRANAT  spacecraft  (Trottet,  private  communication).  The  onset 
was  at  ~  2047:40  UT  and  the  maximum  intensity  at  -2048:13  UT.  Note  that 
the  gamma  ray  counting  rate  decreases  to  -10%  peak  intensity  about  47  sec¬ 
onds  later  (2049:00  UT)  after  which  there  is  an  extended  tail. 


Figure  1.  One-minute  averages  of 
the  24  May  1990  solar  neutron 
event  observed  by  die  Climax  neu¬ 
tron  monitor. 


U.T. 

Figure  2.  The  4.25  -  7.3  MeV  and 
the  10.6  -  109.5  MeV  gamma-ray 
flux  observed  by  the  GHANA  T 
spacecraft  on  24  May  1990. 


2.3  Time  of  Right  Calculations 

The  earliest  arriving  gamma  rays  would  have  left  the  sun  at  2039.24  UT, 
the  maximum  intensity  would  have  been  at  2039.79  UT,  and  those  that  arrived 
at  the  earth  at  2049.0  UT  (the  10%  intensity  level)  would  have  left  the  sun  at 
2040.58  UT.  Assuming  that  neutrons  from  2  GeV  to  300  MeV  were  released 
from  the  sun  continuously  from  2039.79  UT  until  2040.58  UT  and  calculating 
the  time  of  flight  for  these  particles  (which  is  a  futnnion  of  energy),  we  find  that 
2  GeV  neutrons  would  have  arrived  at  2048.65  UT  and  the  300  MeV  neutrons 
would  have  initially  arrived  at  2052.65  UT.  These  times  are  consistent  with  the 
initial  increases  observed  by  the  North  American  neutron  monitors.  Assuming 
that  the  slower  traveling  300  MeV  neutrons  were  still  being  released  at  2040.58 
UT,  these  particles  would  have  arrived  at  the  earth  at  2053.43  UT.  Any  addi¬ 
tional  neutrons  arriving  at  the  earth  with  energies  ^300  MeV  would  have  left 
the  sun  after  2040.58  UT  (i.e.  during  the  'tail*  of  the  gamma  ray  emission). 

2.4  Discussion  of  24  May  1 990  Event 

From  Rgure  1  it  is  clear  that  the  cosmic  ray  intensity  was  above  the 
*  pre-increase”  background  at  Climax  until  the  solar  proton  event  commenced. 
Tlie  one-minute  data  from  the  neutron  monitor  at  Mt.  Wellington,  Australia, 
show  that  the  solar  proton  event  commenced  no  earlier  than  2103  UT.  There¬ 
fore  the  increase  recorded  bv  the  Climax  neutron  monitor  between  2054.0  UT 
and  2103  UT  can  be  attributed  to  solar  neutrons  that  were  generated  by  the  sun 
as  late  as  2050.1  UT  -  approximately  9.5  minutes  after  the  main  gamma  ray 
emission  (i.e  during  the  ’tail”  of  the  gamma  ray  emission). 

3.  HIGH  ENERGY  SOLAR  GAMMA  RAY  EVENT  OF  15  JUNE  1991 

The  importance  38  solar  flare  associated  vvith  this  high  energy  gamma 
ray  event  had  an  H-alpha  onsat  at  0810  UT  and  reached  maximum  intensity  at 
0821  UT.  The  onset  of  the  1-8  A  soft  X-ray  flux  was  at  0810  UT;  maximum  in- 


tensity  of  X12  was  reached  at  0821  UT.  The  soft  X-ray  event  lasted  -10 
hours.  We  calculate  (Kovaltsov,  al..  1993)  the  temperature  and  emission  mea¬ 
sure  of  the  thermal  source  of  soft  X-ray  emission  deduced  from  observations  in 
the  1-8  A  and  0.5-4  A  bands  at  the  maximum  are  10^  K  and  5  x  10^^  cm'^. 
An  hour  later  these  values  were  10^  K  and  10^^  cm*^. 

The  flare  radio  amission  observed  in  centimeter  and  decimeter  wave¬ 
lengths  indicated  an  impulsive  phase  (0812-0827  UT)  and  a  subsequent  IV^j^ 
and  IV^  type  burst  lasting  until  about  1000  UT.  The  meter  radio  amission  of 
type  II  had  an  onset  at  about  0816  UT  in  the  impulsive  phase  of  the  flare  and  its 
duration  was  about  20  minutes. 

The  flare  was  also  observed  by  the  COMPTEL  instrument  aboard  GRO 
which  detected  gamma-rays  in  the  0.8-30  MeV  energy  band  and  10-100  MeV 
neutrons  (McConnell  at  al.,  1992).  Because  the  GRO  spacecraft  was  in  eclipse 
during  the  onset  of  the  flare,  the  COMPTEL  observations  were  not  until  the  late 
stages  of  the  flare  from  08S9  until  0937  UT.  The  ‘GAMMA-1*  telescope  ob¬ 
served  50-4000  MeV  gamma-ray  emission  from  0837  UT  until  0902  UT 
(Akimov  at  al.  1991).  The  observations  began  at  satellite  sunrise  at  0837:22  UT 
and  were  interrupted  at  ~0902  by  satellite  entry  into  the  South  Atlantic 
Anomaly.  During  the  observing  time  there  v«ras  no  significant  variation  in  the  ob¬ 
served  gamma-ray  spectrum;  the  spectrum  between  250-2000  MeV  was  similar 
to  a  power  law. 

The  observed  spectral  shape  of  the  gamma-ray  emission  was  considered 
by  Akimov  et  al.  (1991)  as  indicative  of  /ri’-decay  gamma-rays.  We  have  used 
this  hypothesis  for  calculations  of  pion  generation  in  the  solar  atmosphere 
(Kocharov,  L.,  et  al.  1991;  Kovaltsov  et  al.,  1993).  If  the  primary  proton  spec¬ 
trum  is  a  power  law  with  index  of  -3  to  -4  and  the  total  number  of  protons 
above  1  GeV  is  equal  to  -10^^,  then  the  calculated  spectrum  agrees  with  the 
observed  spectrum  above  250  MeV.  The  power  law  shape  of  the  gamma-ray 
spectrum  up  to  energies  above  1  GeV  indicates  that  the  maximum  energy  in  the 
primary  proton  spectrum  would  be  at  least  10  GeV. 

The  flare  of  15  June  1991  was  characterized  by  a  continuous  generation 
of  electromagnetic  and  corpuscular  emissions  which  had  a  complicated  multi-im¬ 
pulsive  structure.  The  time  profiles  of  centimeter  radio  amission  (2950  and 
9100  MHz)  had  three  principal  peaks  at  0815  -  0825  UT,  0830  -  0840  UT  and 
0855  -  0930  UT.  The  first  peak  lasted  for  ten  minutes  and  corresponds  to  the 
impulsive  phase  of  the  flare;  the  remaining  peaks  correspond  to  the  extended 
phase.  The  increase  in  emission  in  the  centimeter  band  during  the  extended 
phase  corresponds  to  maxima  in  the  decimeter  emission  (950  MHz).  The  cen¬ 
timeter  radio  amission  can  be  interpreted  as  a  synchrotron  emission  of  electrons 
with  energy  ^1  MeV.  The  decimeter  emission  is  caused  by  plasma  mechanisms 
of  radio  emission  and  follows  multi-impulsive  energy  release  processes  during 
the  extended  phase  of  the  flare. 

In  Figure  3  we  show  overlapping  of  the  time  profiles  of  the  9100  MHz 
radio  amission  and  the  gamma-ray  radiation  observed  at  GAMMA-1  and  GRO. 
One  can  see  that  the  time  profiles  in  the  centimeter  band  coincide  with  the 
gamma-rays  nuclear  lines  and  the  emission  resulting  from  /ri*-decay. 

Wo  have  analyzed  the  onsets  of  the  particle  flux  at  five  energy  ranges 
observed  on  the  IMP-8  spacecraft.  When  these  onsets  are  plotted  as  a  function 
of  being  the  particle  speed)  as  shown  in  Rguro  4,  we  obtain  a  consistent 
initial  release  time  which  corresponds  to  the  second  peak  (0830  •  0840  UT)  in 
the  centimeter  radio  emission.  For  this  event  we  calculate  that  the  number  of 
escaping  protons  above  30  MeV  exceeded  the  number  of  protons  required  to 
produced  the  nuclear  gamma-ray  lines. 


4.  DISCUSSION  AND  SUMMARY 


Thars  are  two  possibiiitias  to  explain  these  long  duration  gamma-ray 
emissions  and  the  injection  of  particles  into  the  imarpianetary  medium.  The  first 
is  continuous  acceleration  of  particles  during  solar  flares.  The  second  is  impul¬ 
sive  acceleration  followed  by  continuous  trapping  of  energetic  protons  in  a  mag¬ 
netic  arch  (e.g.  Guegienko  et  ai.,  1990). 
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Figure  3.  Composite  of  the  overtap- 
ping  time  profiles  of  the  9100  MHz 
radio  emission  and  gamma-ray 
emission  observed  by  GAMMA- 1 
and  GRO  an  15  June  1991. 


Figure  4.  Onset  tunes  observed  by 
die  IMPS  satellite  for  5  differential 
energy  channels.  These  data  are 
plotted  as  1/0  of  the  center  energy 
of  each  measurement  interval. 


Rgure  3  illustrates  the  time-coincident  radio  emission  and  gamma-ray 
emission  profiles  even  though  the  energy  losses  and  trapping  time  of  particles 
producing  those  kinds  of  emission  are  significantty  different.  The  emission  mea¬ 
sure  in  soft  X-rays  (EM  -10*^  cm*^)  requires  plasma  densities  to  be  n  >10’^ 
cm'^.  At  such  densities  the  deceleration  time  of  electrons  and  protons  generat¬ 
ing  nuclear  gamma-ray  lines  is  small  as  compared  to  the  observed  duration  of 
emission.  That  is  why  we  consider  it  to  be  evidence  of  a  continuous  and  simul¬ 
taneous  acceleration  of  protons  and  electrons  in  a  wide  range  of  energies.  It  is 
significant  that  the  continuous  acceleration  does  not  coincide  in  time  with  the 
Type  II  radio  emission  which  had  an  onset  time  during  the  impulsive  phase.  In 
our  opinion  it  indicates  continuous  acceleration  of  particles  in  the  extended 
phase. 
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